INTRODUCTION
'Il est aussi necessaire de bien lire la carte. ' Napoleon Bonaparte 1818 (quoted in Gourgaud 1944 ).
Napoleon's comment that a part of his success came from studying maps is still heard in military circles today. Geographic factors play a role in the rise and fall of ecosystems too, as can be seen from extinctions due to dwindling areas of natural habitats (Robinson et al. 1992; Kruess & Tscharntke 1994 ) and the spread of acid rain (Francis 1986 ). These geographic aspects of human-induced mass extinction of the present are pressing concerns for landscape ecology (Forman & Godron 1986) . Such geographic variation would also be expected from explanations of the great dying at the Permian-Triassic boundary, such as spreading oceanic anoxia (Wignall & Twitchett 1996; Isozaki 1997; Cirilli et al. 1998) , degassing of oceanic CO2 (Grotzinger & Knoll 1995; Knoll et al. 1996) or massive eruption of the Siberian Traps (Gurevitch et al. 1995; Renne et al. 1995; Kozur 1998) . In contrast, a large asteroid or comet impact like that at the Cretaceous-Tertiary boundary (Alvarez et al. 1995) would have been globally more instantaneous and pervasive.
Such a test of abruptness and geographic spread has been difficult to apply to the fossil record of mass extinctions as ancient as the Permian-Triassic, because of incompleteness of the rock and fossil record. Such incompleteness is less problematic for palaeosols, which can be a substantial fraction of the rock mass in non-marine sedimentary sequences (Retallack 1998) . Unlike notoriously redeposited Permian fossils in earliest Triassic rocks (Erwin 1994) , palaeosols are by definition in the place they formed. Furthermore, palaeosols can be considered trace fossils of ecosystems, indicators of such ecosystem-scale properties as biomass and nutrient availability (Retallack 1990 (Retallack , 1997a . In this paper we present such information on palaeosols from Antarctica spanning the Permian-Triassic boundary. This work complements a comparable study of palaeosols across the Permian-Triassic boundary in Australia (Retallack 1999a) to give geographic coverage of a 4000 km transect of the former Gondwana supercontinent in the Transantarctic, Sydney and Bowen Basins. Was there landscape fragmentation, acidification or other environmental deterioration leading up to this ecological disaster? What were its long-term consequences for ecosystems and palaeoclimates?
Though the questions are broad, our approach is systematic and detailed. This pedotype approach (Retallack 1994 ) is a field classification of recognisably different kinds of palaeosols (Figures 1-4) , which are sampled for comprehensive geochemical and mineralogical study. The aim of this work is to reconstruct former ecosystems that produced each different kind of palaeosol. Fossil root traces in the palaeosols can be indicators of forest vs marsh (Retallack 1993) . Other ecosystem indicators such as humus content need to be assessed carefully with attention to potential alteration of organic matter after burial of palaeosols (Retallack 1991) . Also helpful is identification of palaeosols within classifications of soils, using proxy criteria suitable to their buried condition (Retallack 1990 (Retallack , 1997a . The classification of the Food and Agriculture Organisation (FAO 1974 ) is particularly useful in this regard because of its global coverage. There are usually analogous modern soils among the many parent materials and soil units listed. The soil units are listed by codes for each country; for example Lg44-1/3a (FAO 1981 ) is a landscape largely of Gleyic (g) Luvisols (L) distinguished from other comparable soilscapes by a numerical code. Climatic and ecological constraints on the surface soils can then be inferred for taxonomically comparable palaeosols. at Mt Crean. Hue is from a Munsell colour chart, and reaction with acid for calcareousness and degree of development are from scales of Retallack (1990) . Names of palaeosols are pedotypes summarised in Table 1 . Asterisks indicate type profiles of pedotypes.
Indications from palaeosols for past ecosystems are independent of evidence from fossils and inferences from modelling of global palaeoclimate. It has long been recognised that Permian and Triassic forests of permineralised stumps in Antarctica represent a very different ecosystem and climate than that prevailing today in the ice continent (Seward 1914; Taylor et al. 1992) . This is puzzling considering the high palaeolatitudes of these south polar forests, with estimates for Graphite Peak in the central Transantarctic Mountains during the Late Permian ranging from 65°S (Veevers et al. 1994a ) to 67°S (Smith in Barrett 1991) and 77°S (Scotese 1994) . Continental reconstructions of the Gondwana supercontinent at high palaeolatitudes lead computer models to predict winters too cold and seasonal variation too extreme to support forests (Kutzbach & Zeigler 1993; Crowley 1994; Fawcett et al. 1994 ; Figure 2 Measured section of palaeosols across the Permian-Triassic boundary in the northwest spur of Graphite Peak. Hue is from a Munsell colour chart, and reaction with acid for calcareousness and degree of development are from scales of Retallack (1990) . Names of palaeosols are pedotypes summarised in Table 1 . Asterisks indicate type profiles of pedotypes. Wilson et al. 1994; Worsely et al. 1994) . Evidence from palaeosols lends support to warmer, less dramatically seasonal palaeoclimates and lower palaeolatitudes inferred from fossil stumps and other plant remains (Taylor et al. 1992; Retallack 1997b) . Palaeosols also provide information not apparent from palaeobotanical evidence, such as palaeotemperature, former rainfall and general features of past vegetation. Palaeosols also indicate that inputs to palaeoclimatic models such as soil moisture and ecosystem albedo were very different in Permian and Triassic than modern settings used by default in modelling. Inferences from palaeosols thus refine those from fossils, computer models and continental reconstructions.
GEOLOGICAL SETTING
During Late Permian and Early Triassic time the current region of the Transantarctic Mountains was a non-marine backarc basin inboard of an Andean-style volcanic arc separating it from the Eopacific Ocean (Ziegler et al. 1997) . Palaeocurrents in these alluvial sediments indicate an arc-parallel drainage basin extending from the central Transantarctic Mountains through southern Victoria Land into northern Victoria Land, Antarctica. This extensive river system breached the Ross High that separated central Transantarctic and Victoria Land depocentres. Local palaeocurrents directed onto the craton and away from the volcanic arc represent local alluvial fans from the flanking volcanic-metamorphic highlands Isbell & Cuneo 1996) .
Graphite Peak, central Transantarctic Mountains
Stable isotope analyses of organic carbon in our samples from Graphite Peak (Figures 1-3) show that the global Permian-Triassic boundary ␦ 13 C excursion (Holser et al. 1991; Sweet 1992; Wang et al. 1994; Gorter et al. 1995; Morante 1996) is at the contact of the Buckley and Fremouw Formations (Krull 1998 ). This contact is 1 m above the last Vertebraria root and directly above the last coal in the section (Figures 2, 3 ). The region around Graphite Peak has been shown to have both Late Permian (stage 5) palynofloras (Farabee et al. 1991 ) and glossopterid F35131, F35133-7, F35142-4, F35145-6, F35148) . The outcrop sketch was drawn in the field looking southwest from the moraine crest at the base of the section.
fructifications (Retallack et al. 1998a ) and earliest Triassic (Lystrosaurus zone) vertebrates (Elliot et al. 1970; Cosgriff et al. 1982; Hammer 1989 Hammer , 1990a Lucas 1998) . Graphite Peak was the initial discovery site for earliest Triassic vertebrates in Antarctica (Barrett et al. 1968) , and has yielded bones of Lystrosaurus murrayi, Thrinaxodon liorhinus, Austrobrachyops jenseni and Prolacerta broomi (Colbert 1974; Colbert & Kitching 1977; Hammer 1989 Hammer , 1990a Retallack & Hammer 1998) 24-83 m above the base of the Fremouw Formation (280-339 in Figure 2 ). The Fremouw Formation also yielded fossil plants including Voltziopsis africana (55 m above base of Fremouw Formation or 301 m in Figure 2 ) and Dicroidium zuberi (110 m above base or 366 m) (Retallack 1999b), which are Early Triassic species well known in eastern Australia (Retallack 1977a (Retallack , 1995 . A Permian-Triassic boundary at the Buckley-Fremouw contact is the same as that mapped previously by and Collinson et al. (1994) .
Palaeosols across the Permian-Triassic boundary at Graphite Peak are strikingly similar to those across the boundary in the Sydney Basin (Retallack 1999a). The suite of tuffaceous and coaly palaeosols in the Upper Permian upper Buckley Formation are very similar to those in the Newcastle Coal Measures of New South Wales. Green and red palaeosols of the Lower Triassic Fremouw Formation are similar to those of the Narrabeen Group of New South Wales (Retallack 1977b, c) . At Graphite Peak there is also claystone breccia, pale green in colour, but otherwise similar to claystone breccias at the Permian-Triassic boundary in Victoria Land and southeastern Australia (Retallack et al. 1998b) . At Graphite Peak, the breccia includes claystone clasts with birefringence fabrics and weathering like those of associated palaeosols, as well as numerous altered volcanic rock fragments and much quartz. These boundary beds have yielded rare (0.8 grains.cm -2 ), small (152 m) grains of shocked quartz (Retallack et al. 1998b) . A significant but faint iridium anomaly (up to 59 pg.g -1 over background of 20 pg.g -1 ) also has been detected, but it is from the base of the coal underlying the claystone breccia (Kyte in Retallack et al. 1998b) .
Mt Rosenwald and Mt Boyd, central Transantarctic Mountains
Red palaeosols of the middle Fremouw Formation are especially well-developed at Mt Rosenwald and Mt Boyd, near Graphite Peak in the central Transantarctic Mountains (Figure 1 ) (Collinson & Elliot 1984) . The Mt Rosenwald sequence includes late Early Triassic plant fragments of Dicroidium zuberi, Phyllotheca brookvalensis and Pagiophyllum sp. cf. Voltziopsis angusta (Townrow 1955 (Townrow , 1967a Retallack 1999b) . Redbed sequences are found at comparable stratigraphic levels in the lower Fremouw Formation from Graphite Peak to Mt Rosenwald and Mt Boyd. At Graphite Peak the redbeds are 129-230 m stratigraphically above the base of the Fremouw Formation (375-486 m in Figure 2 ).
Mt Crean, southern Victoria Land
At Mt Crean (Figure 1b (Krull 1998) . This is close to the last coal (2 m below the base of the Feather Conglomerate), the last Vertebraria root (3 m below), and the last Glossopteris leaf (13 m below). A sample yielding Late Permian pollen of the Praecolpatites sinuosus palynozone is 13 m below the isotopic excursion (Askin 1997). Mt Crean also has yielded finemeshed narrow glossopterid leaves and glossopterid fructifications including Senotheca and Squamella, characteristic of Late Permian rocks (McLoughlin 1990a (McLoughlin , b, 1993 (McLoughlin , 1994 . Our placement of the Permian-Triassic boundary at Mt Crean is near, but not at, the Feather-Weller formational contact advocated by Collinson et al. (1994) .
The uppermost Weller Coal Measures at Mt Crean includes a thin (6 cm) kaolinitic claystone breccia very similar to that at the Permian-Triassic boundary at Graphite Peak and in the Sydney Basin of Australia. Like these other beds it also contains rare (up to 0.4 grains.cm -2 ), small (158 m) grains of shocked quartz and a barely significant iridium anomaly (up to 80 pg. (Krull 1998; Retallack & Alonso-Zarza 1998) . There are leaf whorls of Phyllotheca australis, a Permian species (Townrow 1955) , in the surface of the Susanne palaeosol 10 m below the top of the Weller Coal Measures. Palynomorphs and megafossil floras indicate a mid-Permian age for the middle Weller Coal Measures in the Allan Hills (0-55 m in Figure  1 ) (Cuneo et al. 1993; Askin 1997) . The intervening Feather Conglomerate has yielded late Early Triassic (Spathian) palynomorphs near the top of the formation at Mt Feather (Kyle 1977) and Triassic palynomorphs in peat fragments associated with fossil logs in the Allan Hills (4 km west of section but at a stratigraphic level corresponding to 210 m in Figure 1a ) (Retallack 1997b; R. A. Askin pers. comm. 1999) . Skolithus burrows like those of the Feather Conglomerate are known in both Permian and Triassic strata in the central Transantarctic Mountains . Correlation with Mt Crean supports placement of the Permian-Triassic boundary near the Weller-Feather formation contact . However, other lithological and isotopic correlations of the lower Feather Conglomerate remain possible (Krull 1998). Collinson et al. (1994) have suggested that the Permian-Triassic boundary in southern Victoria Land is marked by a ferruginised palaeosol. This probably refers to chlorite-rich lower parts of Dolores palaeosols, which are dark greenish grey when fresh but have thin red weathering rinds in outcrop. A practical palaeosol-based definition of the Permian-Triassic boundary in Antarctica is suggested as follows: above the last palaeosol with carbonaceous root traces (Susanne and other pedotypes) and below the first palaeosol with large chlorite nodules (Dolores pedotype). These palaeosol-based criteria would place the Permian-Triassic boundary between a Dolores and Susanne palaeosol 10 m below the top of the Weller Coal Measures in the Allan Hills (64 m in Figure 1a ).
Permian-Triassic disconformity?
In the Allan Hills, a Permian-Triassic disconformity is plausible because there are no fossils between mid-Permian and Middle Triassic plant assemblages and no clear ␦ 13 C excursion was found. But at both Graphite Peak and Mt Crean there are Late Permian fossil plants and the carbon isotope excursion to lighter values occurs over a metre or more of section (Krull 1998), as in other relatively complete sections sampled isotopically (Holser et al. 1991; Morante 1996) . At Graphite Peak the last Permian palaeosol is a coal that would have accumulated as a peat, and at Mt Crean it is a very weakly developed palaeosol (Susanne pedotype). In neither case is there overprinting soil formation that would indicate more than a few thousand years between that palaeosol and the first bed of the Triassic. Recent palaeobotanical studies of the Permian-Triassic boundary in East Antarctica (McLoughlin et al. 1997 ) reveal a relatively complete record there also. The Permian-Triassic boundary in Antarctica is comparable to that in the Sydney Basin, Australia, where estimates for the gap at the boundary based on palaeosol development, carbon isotope stratigraphy, palynology, event markers such as the fungal spike, sequence stratigraphy and radiometric dating range from 0.05 to 1 million years for different parts of the basin (Retallack 1999a). Like the most complete sections in the Sydney Basin, Mt Crean and Graphite Peak also retain traces of shocked quartz and a barely significant iridium anomaly at the boundary (Retallack et al. 1998b) .
MATERIALS AND METHODS
In the austral summer of 1994-1995 we measured long detailed sections in the central Allan Hills (76°42.2ЈS, 159°44.4ЈE) and Mt Crean (77°52.4ЈS, 159°32.0ЈE) (Retallack et al. 1997) (Retallack et al. 1997 (Retallack et al. , 1998a . With so many palaeosols and so few place names, we used first names of Antarctic geologists for pedotypes. Exclusively Middle Triassic pedotypes, such as Norman and Scott, are characterised and discussed elsewhere (Retallack & AlonsoZarza 1998) . Two modifications of our field classification (Retallack et al. 1997 (Retallack et al. , 1998a ) are proposed here. Susanne pedotypes are restricted to those with carbonaceous root traces and bluish-grey colour, unlike greenish grey Shaun pedotypes with mainly non-carbonaceous root traces. A new pedotype is here named Fritz, after Molly Fritz Miller, for moderately developed greenish-grey palaeosols with iron-manganese nodules at Graphite Peak that were formerly referred to the much thicker and better developed John pedotype, based on a type profile in the Allan Hills.
Field observations included Munsell colour, reaction with dilute acid, and degree of development of the palaeosols based largely on preservation of relict bedding (following Retallack 1990 (following Retallack , 1997a . Thin-sections of representative profiles were counted for 500 points using a Swift automatic point counter to determine the distribution of sand, silt and clay, and of constituent minerals , with accuracy of about Ϯ 2% (Murphy 1983) . Bulk density was determined by the clod method using paraffin. Chemical analyses were from inductively coupled plasmafusion (ICP) spectroscopy by Bondar Clegg Inc., Vancouver, Canada, with ferric iron from ferrous ammonium sulfate titration and loss on ignition from 4 h at 600°C (Figures 8, (11) (12) (13) (14) 16 ). Total organic carbon was determined during mass-spectrometric extraction by converting cryogenically cleaned CO2 to percent carbon (Boutton 1991; Krull 1998) . Errors were estimated from multiple analyses of the standards CANMET SY-3 and CANMET SO-2, and from 10 replicates of specimen R1839 for bulk density. All these data and detailed palaeosol descriptions are documented in Appendices 1-8*.
ALTERATIONS OF PALAEOSOLS AFTER BURIAL
Changes to the palaeosols after burial need to be acknowledged before assessing their palaeoenvironmental significance. Non-coaly Permian and Triassic palaeosols of Antarctica show clear evidence of three changes that commonly alter soils shortly after burial: overall depletion in organic matter, chemical reduction (gleization) of oxides during decomposition of organic matter and reddening of hydroxides by dehydration (Retallack 1991). These changes are evident from organic carbon content much lower in the palaeosols than in soils (Krull 1998), and pervasive greygreen discolouration, which is particularly striking as mottles around root traces in red palaeosols (Retallack 1977b) . Proof of an early diagenetic origin of drab-haloed root traces was discovered at Mt Rosenwald, where a palaeochannel sandstone contains clasts up to 20 cm across with drab-haloed root traces in a red matrix identical to that in undisturbed palaeosols (Retallack et al. 1998a) . These various burial alterations have changed the appearance of what were formerly yellowish brown to grey soils to the red-green mottled palaeosols of today.
The palaeosols have also been altered by burial processes including illitisation, cementation and compaction. The maximum thicknesses of Triassic and Jurassic sedimentary and volcanic rocks above the last Permian coals are 975 m in Victoria Land and 1838 m in the central Transantarctic Mountains (Coates et al. 1990) . A burial depth of about 2 km is compatible with the medium-low volatile bituminous rank of coals at Graphite Peak and the Allan Hills (Coates et al. 1990) , and brittle, brown, poorly preserved fossil pollen in these rocks (Farabee et al. 1991; Kyle 1977) . Burial temperatures of 130-160°C and a pressure of 75 MPa have been estimated for most of the succession (Vavra 1989) . Compaction of coals at this rank varies widely (Nadon 1998), but is commonly about a tenth of the former peat thickness (Ryer & Langer 1980) . Compaction of mineral portions of the palaeosols at this depth would have been to about 74% of original thickness using the formula of Retallack (1997a) , but negligible using the formula of Caudill et al. (1997) . Illitisation would be expected at such depths (Eberl et al. 1990 ), but peak indices from XRD traces of clays show them to be just short of the zone of pervasive illitisation and well short of greenschist metamorphic facies. Weaver indices for nine samples around the Permian-Triassic boundary are 1.4-2.2 at Graphite Peak, 1.6-1.8 for Mt Crean and 1.6-2.3 for the Allan Hills, short of 2.3 for pervasive illitisation (Frey 1987) . Similarly Kubler indices for these samples are 0.6-1.4, 0.8-1.1 and 0.5-0.9, respectively, greater than 0.4 °2 for pervasive illitisation (Frey 1987) . Illitisation and concomitant potash enrichment is no more than 4.42 wt%, part of which is due to common detrital muscovite in these rocks. Illitisation has however, brightened the birefringence fabric of these palaeosols. As in other cases (Retallack & Krinsley 1993 ), this appears to have been a heightening of pre-existing pedogenic birefringent streaks. These rocks are mostly flat-lying, but the strata at Graphite Peak dip 18-22°S, and are disrupted by normal faults with throws of up to 10 m (Figures 2, 3 ). Such dips are regionally anomalous, and the ridge at Graphite Peak may be a large down-slipped block (toreva block of Elliot 1997).
Some coals in the Allan Hills and Mt Crean are altered to semianthracite (Coates et al. 1990 ). Cements of zeolites, such as laumontite in Fremouw Formation sandstones, indicate temperatures locally in excess of 200°C (Vavra et al. 1981; Vavra 1989) , but no more than 300°C (Surdam & Boles 1979) . Temperatures locally approaching 300°C are indicated by prehnite dikes at Graphite Peak (Retallack 1999c) and elsewhere in the Transantarctic Mountains ). This high-temperature alteration associated with intrusion of the Jurassic Ferrar Dolerites can be seen from destruction and thermal maturation of organic matter to be limited to distances away from the intrusions twice that of the intrusion thickness (Horner & Krissek 1991) . For these reasons care was taken to sample and measure sections no closer than 200 m from the narrow (up to 8 m) dyke in the central Allan Hills, and remote from visible intrusions at Mt Rosenwald and Mt Boyd (Collinson & Elliot 1984) . Few palaeosols were sampled for detailed study from the sill-capped section at Mt Crean (Askin et al. 1971) . The measured section at Graphite Peak was placed in that part of the ridge most free of intrusions, starting well above the lowest exposed sill and finishing well below the uppermost sill ( Figure 4 ). Local zeolite and prehnite alteration are particularly noticeable in sandstones of the uppermost Buckley and lowermost Fremouw Formations at a point along-strike from a narrow (1 m) dolerite dyke cutting obliquely across bedding ( Figure 3 ).
ECOTYPES
Palaeosols provide abundant evidence that Antarctica was forested during both Permian and Triassic, as is also apparent from the abundant fossil logs, stumps and other plant Figure 1 ). This is the best-developed palaeosol, with the subsurface clay bulge, enrichment of alumina and low base content found in Ultisols (of Soil Survey Staff 1997) and Acrisols (of FAO 1974) . Lithological key as for Figure 5 . remains in these rocks (Taylor et al. 1992; Francis et al. 1994; Retallack 1997b) Permian forests were largely swamps in which peat accumulated to create coals of the Buckley Formation (Cuneo et al. 1993) . Some of these swamps of the James pedotype were permanently waterlogged so that glossopterid roots (Vertebraria australis) grew in planar mats rather than penetrating the underclay. This indicates unusually stagnant soil water, because Vertebraria had internal air chambers (Figure 18c ) as an adaptation to poorly aerated soils (Schopf 1982; Retallack & Dilcher 1988 (Figures 6, 7, 17d : Morton, Molly, Susanne, Sandy, Kerby and Waller pedotypes) preserve sedimentary bedding, indicating short periods (tens to hundreds of years) of plant growth and soil formation before burial by sediment. These palaeosols may have supported plant communities early in ecological succession between disturbances. In most cases the disturbance was probably flooding near streams. Kerby and Sandy palaeosols are associated with thick, trough cross-bedded sandstones (Figures 1, 2) , and are thus interpreted as soils of sandy scroll bars and point bars of fluvial channels (Cuneo et al. 1993) . Susanne and Waller palaeosols on the other hand are within lenticular bodies of interbedded shale and siltstone in massive sandstone bodies (Figures 1, 2 ). This facies of Susanne and Waller palaeosols is similar to deposits of flood chutes and slackwater swales of the levee area, like recent sediments documented by McGowan and Garner (1970) . Thinly bedded tuffaceous siltstones interpreted as parts of floodplains include numerous Morton and Molly palaeosols (Figure 2 ). Fossil plants are preserved in growth position in some of these palaeosols and represent two distinct communities: (i) herbaceous horsetail meadows (Phyllotheca and the equivalent defoliated form-genus Paracalamites) for Susanne and Molly palaeosols; and (ii) glossopterid pole woodlands (Vertebraria roots, Glossopteris leaves, and fructifications of Plumsteadia, Dictyopteridium, Squamella and Cometia) for Morton palaeosols. Sandy, Waller and Kerby palaeosols have no associated fossil plants, but their root traces are stout and unchambered, and unlike roots of either horsetails or Vertebraria-Glossopteris (Retallack & Dilcher 1988) . Other glossopterids such as Gangamopteris were found at comparable stratigraphic levels in Antarctica (Cuneo et al. 1993) , and are known from other Gondwanan regions at stratigraphic levels without Vertebraria (Retallack 1980 (Retallack , 1999a . These palaeosols could also have supported cordaites, conifers, seed ferns and other gymnosperms. These palaeosols indicate additional communities of sandy and well-drained sites not represented among fossil plant assemblages.
In contrast to Permian coal measures, there are no palaeosols which can be interpreted as permanently waterlogged swamps of Early Triassic age in Antarctica. The swamp ecosystem does not reappear until the Middle to Upper Triassic Lashly, upper Fremouw and Falla Formations (Retallack & Alonso-Zarza 1998). Nevertheless, large woody root traces (Figures 17a, c) , fossil logs and stumps (Retallack 1997b) , and chemically weathered palaeosols with subsurface clay enrichment (Figures 10, 12, 13, 16, 17a : Bt and argillic horizons of David, Fritz and John pedotypes) indicate forest vegetation. The most impressive of these thick clayey palaeosols are John palaeosols which have abundant clay skins, pronounced clay enrichment in a subsurface horizon, depletion of alkali and alkaline earth elements, and thick root traces like those of forested soils.
Forests also are indicated by abundant remains of the conifer Voltziopsis africana found in a Fritz palaeosol at Graphite Peak (Retallack 1999b). David, Fritz and John palaeosols differ in colour of their subsurface (Bt) horizons, which are respectively red, green-grey and neutral-bluishgrey. These differences are also reflected in ferrous/ferric iron ratios (lower for David than for Fritz and John), and may reflect differences in oxidation of the original soil. David, Fritz and John palaeosols all have grey colouration characteristic of microbial burial gleization, presumably fueled by a formerly humus-rich surface horizon (Retallack 1991). They also have deeply penetrating root traces that indicate free drainage for at least a part of the year, but the pervasive oxidation of David palaeosols may indicate free drainage for more of the growing season than for Fritz or John palaeosols. John palaeosols have abundant sand-filled cracks and lack the iron-manganese nodules of Fritz palaeosols. Interpretation of Fritz palaeosols as the most poorly drained of these three pedotypes is supported by geographic restriction of Fritz palaeosols to locations in basinal depocentres and increased abundance of David palaeosols southeast toward the Shackleton Glacier area in the direction of higher ground indicated by palaeocurrent data . John palaeosols in the Allan Hills developed in a depocentre for sandy streams, but not one of such a rapid accumulation as the basin at Graphite Peak. Higher palaeoelevation for the Allan Hills is also indicated by Gregory palaeosols (Figure 14) , which have columnar structure, noted also in other palaeosols of the Feather Conglomerate (Pyne 1984; Retallack et al. 1997) and interpreted by Retallack and Alonso-Zarza (1998) as a fragipan created under forest by seasonal frost.
Among other Triassic palaeosols of Antarctica the most characteristic are Dolores palaeosols with their large subsurface nodules and layers of green crystalline chlorite and siderite (Figures 9, 11 ). These minerals are unusual for soils, indicating very poorly aerated swampy conditions (Moore et al. 1992 Figure 2 ). The Roy palaeosol is weakly developed but the David palaeosol is probably an Alfisol like Fritz palaeosols at Graphite Peak (Figure 13 ), but showing greater oxidation of iron and red colour. Lithological key as for Figure 5 .
like those of waterlogged soils. Fragments of the fossil seed fern Dicroidium zuberi were found in a William palaeosol (Retallack 1999b). As in the Sydney Basin of Australia, it is likely that these broadleaf seed ferns dominated disturbed lowland and waterlogged parts of the depositional basin, whereas conifers were widespread in well-drained soils (Retallack 1977a (Retallack , c, 1997c . Other palaeosols associated with cross-bedded sandstone palaeochannels, include rooted shales ( jenseni (near Edwin). Given the non-calcareous and deeply weathered nature of other palaeosols in these Lower Triassic rocks, it is not surprising that animal remains have not been found in them, because they would have been too acidic for preservation of bone (Retallack 1996a (Retallack , 1998 Retallack & Hammer 1998) .
In terms of soil classification, the best-developed Permian palaeosols were Histosols (of both Soil Survey Staff 1997 and FAO 1974) (FAO 1974) . Such suites of soils are found in the upper Zeya Basin in the volcanic ranges of far eastern Russia (map unit Od15-a of FAO 1978a), the southern Ob River lowlands of western Siberia (Od-1a of FAO 1978a), lowlands around Cumberland Lake, Saskatchewan, and southwest of James Bay, Ontario, Canada (Od-1a of FAO 1975) . These are, respectively, regions of larch forest (Larix dahurica), pine taiga (Pinus sibirica) and spruce boreal forest (Picea glauca and P. mariana) (Walter 1985) . Deciduous broadleaf plants also are common in these regions, especially in disturbed near-stream areas. In Canada they include birch (Betula papyrifera), aspen (Populus tremuloides) and poplar (Populus balsamifera) (FAO 1975) .
The best developed of the Triassic palaeosols are John, Fritz and David pedotypes (Figures 17a, c) , which can be identified as Ultisols and Alfisols (of Soil Survey Staff 1997) or Luvisols and Acrisols (of FAO 1974) . This identification is based on their clay-enriched subsurface horizons (Figures 10, 12, 13, 16) , clay skins (Figure 18a, b) , and chemical composition (alumina/bases < 2 for Alfisol, > 2 for Ultisol: Retallack 1997a). Triassic suites of palaeosols from different areas and stratigraphic levels can be reconstructed as three separate former soilscapes: (i) for the lower Fremouw Formation at Graphite Peak (Lg with Bg, and inclusions of Gd, Jd, in notation of FAO 1974); (ii) middle Fremouw Formation at Graphite Peak, Mt Rosenwald and Mt Boyd (Lg with associated Lo, and small areas of Gd, Bg); and (iii) for upper Feather Conglomerate in the Allan Hills (Ah with small areas of Gh and Jd).
During deposition of the lower Fremouw Formation in the central Transantarctic Mountains the suites of palaeosols as classified here (Table 1) 
PRECIPITATION REGIME
The non-calcareous nature of both Permian and Triassic palaeosols of Antarctica is an indication that all were pedalfers (of Marbut 1935) and formed in humid climates. For the Triassic palaeosols, all analogous soils are in humid climates (589-1278 mm mean annual precipitation for Khabarovsk-Salzburg stations of Müller 1982) , with a marked excess of precipitation over evapotranspiration. Permian palaeosols are analogous to soils receiving slightly less mean annual precipitation (546-858 for Bomnak-The Pas of Müller 1982) . Even in these areas, climate is effectively humid because of cold temperature and low evapotranspiration.
Comparable estimates can also be gained from the degree of chemical weathering of the palaeosols. The bases/alumina molar ratio (B) of subsurface (Bt and Bw) horizons in soils has been shown to be related to mean annual precipitation (P in mm) by the following formula (Ready & Retallack 1995):
with a standard deviation of Ϯ 174 mm. This relationship is based on 137 analyses of North American soils of granitic-andesitic parent materials, moderate Figure 2 ), both near and distant from visible dolerite dikes (Figure 3 ), so that alteration during intrusion does not explain these results. The palaeosols chosen for analysis are similar in physical development, such as preservation of relict bedding or clay enrichment, and these estimates of mean annual precipitation are not compromised by differing times for formation. 
GROWING-SEASON WARMTH
Strong climatic seasonality for both the Permian and Triassic is clear from palaeobotanical evidence, particularly the pronounced growth rings in fossil wood (Taylor et al. 1992; Taylor & Taylor 1993; Francis et al. 1994 ) and abscission callus at the base of Glossopteris and Dicroidium leaves shed in the fall (Retallack 1980 (Retallack , 1997c Anderson & Anderson 1985; Pigg & Trivett 1994; Retallack & Alonso-Zarza 1998) . Varved shales within the parent materials of Upper Permian Morton and Molly palaeosols, and fragipans in Lower Triassic Gregory palaeosols (Retallack & AlonsoZarza 1998) can also be interpreted as evidence for pronounced climatic seasonality. Systems of clastic dykes in coals of Evelyn palaeosols in the Allan Hills are of special interest. As outlined elsewhere (Krull 1998), these can be interpreted as evidence for discontinuous permafrost disruption of the peat and thus for a short cool growing season. This evidence of frigid climate applies only to mid-Permian parts of the Weller Coal Measures, where it is supported by evidence of varved shales and large dropstones (Francis et al. 1994; Smith et al. 1998) . In the Sydney Basin of Australia there is comparable evidence of frigid conditions from glendonites (ikaite pseudomorphs) in Upper Permian marine rocks (Carr et al. 1989; Dickins 1998) , from permafrost stirring of Upper Permian palaeosols (Retallack 1999b) and from stone rolls in uppermost Permian coal measures (Conaghan 1984; Conaghan et al. 1994; Retallack 1999a) . Frigid conditions also have been inferred from petrographic studies of Tasmanian Middle Triassic coals (Smyth 1980). We searched widely for doming and cracking of coals in the upper Weller Coal Measures on Mt Crean and in the upper Buckley Formation at Graphite Peak and Mt Boyd, and found none. Nevertheless, the silty, little weathered nature of many of the tuffaceous palaeosols of the Permian can be taken as evidence for a palaeoclimate in which soils were too cold for significant weathering, as implied by the modest chemical weathering yet lack of carbonate discussed above. It could be argued that weathering was also arrested by waterlogging, but that cannot be the case for the many palaeosols with deeply penetrating root traces (Waller, Morton, Molly, Kerby, Sandy and Evelyn).
These observations are all the more striking by contrast with the Triassic palaeosols, some of which clearly had similar tuffaceous parent materials . Among Triassic palaeosols weathering of primary minerals is more pervasive with only rare traces remaining of their tuffaceous parentage. These differences hold over the whole spectrum of soil development, as judged from persistence of bedding, from very weakly developed palaeosols (Michael, Shaun) to weakly developed palaeosols (William, Dolores, Alton, Roy, Julia) to moderately developed palaeosols (David, Fritz) and strongly developed palaeosols (John). The degree of weathering is still far from that found in tropical soils. There also are likely fragipans in the Gregory palaeosol (including 'gammate structures ' of Pyne 1984; ) of the upper Feather Conglomerate (probably of late Early Triassic age) which can be interpreted as evidence of seasonal frost (Retallack & Alonso-Zarza 1998). These weathering differences are indicators of palaeoclimate with a warmer and longer growing season, more effective for weathering in the Early Triassic than was the case during the Late Permian.
Further confirmation of an earliest Triassic climatic warming comes from modern comparison of the palaeosols. Soils comparable to those found in the upper Weller and Buckley Formations are found in Russia and Canada at latitudes of 50-70°N (FAO 1975 (FAO , 1978a . This is within error for palaeomagnetic estimates of palaeolatitude for the central Transantarctic Mountains of 65-77°S (Smith in Barrett 1991; Scotese 1994; Veevers et al. 1994a) . High palaeolatitude is also indicated for Permian and Triassic time by the remarkably wide growth rings in fossil wood from Antarctica (Taylor et al. 1992; Taylor & Taylor 1993; Francis et al. 1994) . Triassic palaeosols indicate a much warmer palaeoclimate. The type John palaeosol from the Allan Hills (Figure 17a ) has the thickness, clay abundance and deep chemical weathering of an Ultisol (Soil Survey Staff 1997) or Acrisol (FAO 1974) , which is a soil type now found at latitudes of no more than 48° (FAO 1975 (FAO , 1978b . Fritz and David palaeosols of Graphite Peak are Alfisols (Soil Survey Staff 1997) or Luvisols (FAO 1974) and would also be expected at lower latitudes (34-52°: FAO 1975 (34-52°: FAO , 1978a (34-52°: FAO , b, 1981 . There is a similar anomaly of Acrisols-Ultisols at high palaeolatitudes in Lower Triassic rocks of the Sydney Basin, Australia (Retallack 1997c (Retallack , 1999a 
ECOSYSTEM STABILITY
There also were differences in the duration of ecosystems. Most Triassic palaeosols preserve relict bedding, thus indicating communities of shorter duration than palaeosols of the Permian. There were many strongly developed Histosols in Permian coal measures, but only a few moderately to strongly developed palaeosols in Triassic alluvial deposits (Figures 1, 2 ).
More precise numerical estimates for duration of palaeosol formation come from specific comparisons and measurements of solum and coal thickness, of clay accumulation and preservation of relict bedding. These are thus measures of physical development, as distinct from chemical development considered here under the heading of soil fertility. Assuming compaction of coal to roughly a tenth of the original peat thickness (Ryer & Langer 1980) and accumulation rates of 0.5-1 mm.y -1 (Falini 1965) , the duration of coals can be calculated from their thickness. Some of these coals are very thick and so are very strongly developed Histosols. The best developed non-coaly palaeosol was a John profile in the Allan Hills (Figures 12, 17a) , which can be compared with Ultisols in the Coastal Plain of southeastern USA (Markewich et al. 1990 ). The fossil Ultisol has a Bt horizon 70 cm thick corresponding to 54 000 y on the Coastal Plain. Comparable estimates can be gained from solum thickness (90 cm for 43 000 y) and clay accumulation (18 g.cm -2 for 50 000 y). Similar estimates can be made for fossil Alfisols at Graphite Peak (Figures 13, 16 ) such as Fritz (27 000 y for 60 cm, 23 000 y for 90 cm, and 40 000 y for 9 g.cm -2 respectively) and David palaeosols (40 000 y for 60 cm, 43 000 y for 90 cm, and 43 000 y for 12 g.cm -2 : all uncorrected for compaction). Times for soil development are comparable to those (78 000 -128 000 y) for Ultisols in Pennsylvania (Ciolkosc et al. 1990) . Less well-developed palaeosols (Figure 17b ) can be compared with chronosequences in humid (830-1470 mm mean annual precipitation) parts of the Southern Alps of New Zealand, where soils with A-C horizons (like Shaun, Michael, Julia, Edwin) form in 1000 y, and A-Bw-C soils (like Dolores, Roy, Alton, Gregory) in less than 10 000 y (Tonkin & Basher 1990) . Such comparisons are the basis for generous ranges of durations interpreted for each pedotype (Table 2) .
A corollary of impersistent and unstable ecosystems is accelerated sedimentation rate in the Early Triassic.
Sedimentation rate can be approximated by assuming that episodes of deposition by flooding are insignificant (days to weeks) compared with the longer intervals (decades to millions of years) represented by soil formation. Taking times of soil formation estimated for each pedotype (Table  2) , and the number of each pedotype found in a given thickness of rock (Figures 1, 2) , one can calculate a rock accumulation rate. A sediment accumulation rate could be calculated by taking into account lithological compaction due to burial, which ranges from negligible to 74% depending on assumptions (Caudill et al. 1997) . Compaction correction is not needed here to make the point that Triassic sedimentation rates were higher than those in the Permian (Table 3) for a wide range of estimates of time for soil formation (Table 2 ). This increased sedimentation rate is apparent from the very base of the Triassic in all sections.
SOIL MOISTURE
Changes in soil moisture across the Permian-Triassic boundary were marked. One could infer from the transition from coal measures to alluvial plains that soils were significantly drier in the Triassic compared with the Permian ). This inference is confirmed by the general poverty of organic carbon in the form of root traces or analytical TOC in Early Triassic compared with Late Permian palaeosols (Figure 19 ). There are red, oxidised palaeosols with low ferrous/ferric ratios in the Triassic but not Permian, but most Triassic palaeosols are green and unoxidised indicating slow drainage. Even the red palaeosols show no sign of carbonate and are deeply weathered chemically, so that these palaeosols were seldom if ever as dry as field capacity. There is no indication of profound changes in rainfall (Table 2) , which remained humid with low evapotranspiration throughout both Permian and Triassic. Furthermore, palaeosols formed with a variety of water-table depths in both the Permian and Triassic. Deeply penetrating (up to about 1 m) root traces are found in Permian palaeosols such as Waller, Morton, Kerby and Evelyn and Triassic palaeosols such as Michael, Gregory, John and David (Figure 19 ). Shallow tabular root traces like those of waterlogged ground are found in Permian James and Molly palaeosols as well as Triassic William and Shaun palaeosols. Thus changes in soil moisture were more subtle than suggested by a simplistic model of Permian swamp and Triassic floodplain. A wide array of drainage conditions was found in both Permian and Triassic (Figure 19 ).
SOIL FERTILITY
The Permian-Triassic boundary was also marked by changes in soil fertility: a shift toward oligotrophy. This can be approximated by the bases/alumina ratios of palaeosols normalised per year of their formation (Figure 19 ), estimated from chemical data on the palaeosols and a generous range of interpreted times for their formation (Table 2) . These values give the cationic nutrition remaining in the soil per year of their formation. By this measure, Permian palaeosols underutilised and retained cationic nutrients, whereas Triassic palaeosols were strongly depleted in them, with a suggestion of a slight return of fertility in the Middle Triassic (Figure 19 ). This change in soil fertility is marked because most Triassic palaeosols are more weakly developed (with more relict bedding) than Permian ones (Figure 19 ), so that comparable overall base depletion in Triassic palaeosols was achieved in less time than in Permian palaeosols. Permian ecosystems were probably cold-limited, whereas Early Triassic ecosystems were nutrient-limited. Another indication of this phenomenon is what has been termed the 'tuff gap', or lack of tuffaceous sediment in the Lower Triassic Fremouw Formation and Feather Conglomerate of Antarctica and Narrabeen-Rewan Groups of the Australian Sydney-Bowen Basins, compared with the abundance of Upper Permian and Middle Triassic tuffaceous sediment in the same regions (Veevers et al. 1994b ). There were volcanic eruptions during the Early Triassic and the backarc character of these basins persisted at that time, as indicated by rare beds with pyrogenic minerals and remnants of volcanic shards (Vavra et al. 1981; Collinson et al. 1994) . The 'tuff gap' is a reflection of more profound chemical weathering in the Early Triassic than before or after.
Early Triassic soil fertility difficulties are also indicated by fossil plant assemblages associated with the palaeosols, particularly the dominance of conifers (Voltziopsis: Retallack 1999b). Abundant Early Triassic conifers also are found in the Sydney Basin of Australia (Retallack 1995 (Retallack , 1999a . Early Triassic fossil floras worldwide are low in diversity with monocultures common, and show a variety of adaptations to difficult environments including herbaceous habit, succulence, heterophylly, sclerophylly, recurved leaves and reduced branching (Mader 1990; Retallack 1997d) . In contrast, Permian lowland forests were dominated by broadleaf plants such as Glossopteris, and Middle Triassic forests by broad-leaved Dicroidium odontopteroides (Retallack 1980 ).
An additional peculiarity of both the Permian and Triassic compared with now is that despite the abundant vegetation, high latitudes, cool temperature and oligotrophic soils, no Spodosols (Soil Survey Staff 1997) or Podzols (FAO 1974 ) have yet been identified among hundreds of palaeosols examined in Australia and Antarctica (Turner 1993; Retallack 1997c Retallack , 1999a Retallack et al. 1997c Retallack et al. , 1998a McLoughlin et al. 1997) . Many otherwise comparable modern soilscapes can be ruled out as analogues for the Permian and Triassic because they include Podzols (FAO 1975 (FAO , 1978a (FAO , 1978b (FAO , 1981 . A related problem is the alkaline nature of subsoils indicated by siderite and chlorite in sandy leached palaeosols such as the Dolores pedotype. Both anomalies may be due to a less acidifying phenolic load of vegetation during the Permian and Triassic than now after millions of years of evolution in conifers of phenolic compounds as mild insect repellents (Retallack 1997c).
SOIL HUMUS
The most striking field characteristic of Lower Triassic palaeosols is the lack of carbonaceous root traces and coal, both of which are common in Permian and Middle Triassic palaeosols. Large carbonaceous chambered roots of the glossopterid Vertebraria, or rhizomes and roots of the horsetail Phyllotheca australis, are common in Permian palaeosols. Carbonaceous roots of horsetails (Neocalamites carrerei) are found again in the Middle Triassic lower Lashly Formation (Retallack & Alonso-Zarza 1998) and a comparable suite of green-grey palaeosols in the middle Fremouw Formation of the central Transantarctic Mountains (Figure 2 ). In the intervening Early Triassic, all Permian-Triassic ecological shift 803 Figure 19 Indicators of landscape ecological change across the Permian-Triassic boundary at Graphite Peak, Antarctica. (Figure 19 ) (Krull 1998), including the dark surface of William palaeosols. The sparse soil humus of the Early Triassic was not due to uniformly better soil drainage, compared with the Permian. There were forests and poorly drained carbonaceous soils with tabular root systems in the Early Triassic, as in the Permian (Figure 19) . A better explanation is that plant litter was more actively decomposed in soils and after burial in the Early Triassic than in the Permian and Middle Triassic. This is especially evident from the green-grey colour of many Lower Triassic palaeosols. This is the colour of burial gleization by microbial activity (Retallack 1991) , in contrast to neutral and bluish shades of Permian palaeosols. Early Triassic soils originally may not have been as poor in humus as the preserved palaeosols, but their humus was well decomposed, leaving little recognisable litter, and so was more susceptible to microbial mobilisation during shallow burial. Both humification during soil formation and microbial mobilisation of organic matter during shallow burial would have been promoted by a warm climate in the Triassic.
What makes this phenomenon particularly intriguing is that there was a global 'coal gap' at this time: no Lower Triassic coal has been found anywhere in the world (Retallack et al. 1996) . Peat accumulation can be excluded by a variety of factors, including excessive soil drainage, dry climate or rapid sedimentation, but none of these would have excluded peat formation during the Early Triassic in Antarctica. Lower Triassic palaeosols of the central Transantarctic Mountains were well within an environmental window that ordinarily should have produced peat-alluvial bottomlands with waterlogged areas, humid, forested, cool palaeoclimate, and sediment accumulation rates within the peat-encouraging range of 0.5-1 mm.y -1 (Table 3 ). The inferred climatic shift to warmer conditions also would not have precluded peat accumulation, as peats currently form in a wide variety of climates (Lottes & Ziegler 1994 ). An explanation may lie in the extinction of peat-forming glossopterid vegetation at the PermianTriassic boundary (Retallack et al. 1996) .
LANDSCAPE ALBEDO
As outlined above, both Permian and Triassic landscapes were heavily vegetated, so that albedo of exposed soil was not significant climatically. However, changes in albedo of vegetative cover across the Permian-Triassic boundary were probably profound. There is evidence from palaeosols for a shorter and less severe winter in the Triassic than in the Permian, and thus a shorter time for high albedo snow (70-80%: Kondratyev 1969) . Acting in the same direction was a regional shift from deciduous glossopterid to evergreen conifer vegetation. Comparable modern deciduous oak vegetation has only slightly higher albedo (18%) than evergreen pine and fir (14-10%) in the summer, but albedo is much higher (40-80%) for snow on leafless winter oaks than for snow on winter pines (20-50%: Kondratyev 1969) . Although both Permian and Triassic landscapes were well watered, the Permian with its varved shales and swamps had much more standing water, both during spring thaw and permanently, compared with the Triassic with its better drained, peatless soils. It seems likely that overall ecosystem albedo decreased significantly across the Permian-Triassic boundary, so that solar radiative energy available for photosynthesis and weathering was much greater in the Triassic than during the Permian. Assuming an annual radiative input of about 335 kJ.cm -2 for these high latitude Antarctic palaeosols as at comparable latitudes in Russia today, and annual albedos of 50% for the Permian and 30% for the Triassic by comparison with stations in the Ob Basin of Siberia with comparable soils and vegetation (Kondratyev 1969 (Gabites 1985; Taylor et al. 1989; Taylor & Taylor 1993) . Such an ecosystem shift from broadleaf to needleleaf can be compared with environmental acidification due to industrial pollution today (Francis 1986 ). Strontium isotopic composition of marine carbonate also indicates a long-term shift to acidic weathering from the Late Permian into the Triassic (Martin & MacDougall 1995; Morante 1996) . Permian-Triassic boundary beds in the Sydney Basin, Australia, are extraordinarily acidified, with alumina/ bases ratio in some palaeosols as much as 30 (Retallack 1999a) . The boundary beds in Antarctica are also depleted in bases compared with beds above and below, but show unexceptional alumina/bases ratios of only 2 (Figure 8 ) (Retallack et al. 1998b ). Thus we failed to find evidence of widespread acidification at the Permian-Triassic boundary in Antarctica. Nevertheless, evidence for acid rain at the Cretaceous-Tertiary boundary required discovery of an exceptionally high-resolution sequence (Retallack 1996b) and the search for such sequences in Antarctica should continue.
There is no evidence at the Permian-Triassic boundary of the landscape fragmentation characteristic of the current human-induced ecological crisis (Robinson et al. 1992; Kruess & Tscharnkte 1994) . There was no anticipation of Triassic palaeosols in uppermost Permian palaeosols. There are no palaeosols shared by the Permian and Triassic rocks of Antarctica (as defined earlier in this paper), so that the ecosystem shift was accomplished from one bed to the next. The blue and black Permian palaeosols are abruptly replaced by the red and green Triassic palaeosols. Nor was there any clear diminution in thickness or spacing of Upper Permian coals (unlike that reported by McLoughlin et al. 1997) either in the central Transantarctic Mountains (Figure 2 ), southern Victoria Land (Figure 1 ) or southeastern Australia (Retallack 1999a). While estimates of the duration of Antarctic Permian-Triassic disconformities vary, the pattern of total replacement of Permian by Triassic pedotypes is also found in the Sydney Basin, Australia, where multiple lines of evidence constrain the gap to only a few thousand years in some parts of the basin (Retallack 1999a). The Graphite Peak section, as outlined above, may be comparably complete, but its dating is less well constrained. The most striking feature of the ecological shift at the Permian-Triassic boundary is appearance of anomalous warm-climate Early Triassic communities followed by a gradual return to cool Middle Triassic conditions more like the latest Permian. These anomalies of Early Triassic ecosystems in Australia (Retallack 1997c (Retallack , 1999a are now compounded by comparable observations in the central Transantarctic Mountains and southern Victoria Land.
The most striking of these anomalies is the lack of coal in Lower Triassic rocks of Australia and Antarctica where it would be expected because of humid palaeoclimate, swampy lowland environments and rates of sediment accumulation within the window favourable for peat accumulation (0.5-1 mm.y -1 : Tables 2, 3). Excessive drainage or climatic aridity may explain this coal gap in other parts of the world, but fail as explanations in eastern Australia and the Transantarctic Mountains (Retallack et al. 1996) . This peat-less time was also one of unusual warmth at high latitudes, when temperatures within the Antarctic Circle were more like those of cool temperate climates (Table 2) debris in backarc basins of Australia and Antarctica. Volcanic contributions to these sediments were voluminous in the Late Permian and Middle Triassic, but were mostly (but not entirely) weathered beyond recognition during the Early Triassic to produce what has been called the 'tuff gap' Veevers et al. 1994b) . This concatenation of unusual warmth and weathering in the Early Triassic has been explained as a post-apocalyptic greenhouse (Retallack 1999a), because it follows dramatic extinctions of plants and animals on land and in the sea (Cosgriff & Hammer 1993; Erwin 1994; Stanley & Yang 1994; Retallack 1995; Smith 1995; Wang 1996; MacLeod et al. 1997) . The survivors were depauperate global floras of Voltzia and Voltziopsis (Mader 1990) and faunas dominated by Lystrosaurus (Cosgriff et al. 1982; Hammer 1990b; Lucas 1998) . This boundary crisis is marked by unusual abundances of fungal spores as if there was massive decay following destruction of forests (Eshet et al. 1995; Visscher et al. 1996) . Marine faunas were also depauperate during the Early Triassic, when there were no known bryozoans, corals or tropical reefs (Flügel 1994; Schubert & Bottjer 1995) . Microbial crises in the ocean are indicated by unusually abundant stromatolites in the earliest Triassic (Schubert & Bottjer 1992) and swarms of acritarchs (Helby et al. 1987; Balme 1989) . Isotopic data also indicate ecological disaster. The shift toward isotopically lower values of ␦ 13 C found worldwide in both carbonate and organic matter in marine and non-marine strata, including Graphite Peak (Holser et al. 1991; Wang et al. 1994; Morante 1996; Krull 1998) , can be interpreted as evidence of massive oxidation of carbon to produce a CO2 or CH4 greenhouse (Holser & Magaritz 1987) . Modelling based on carbon budgets postulates a rise of CO2 from latest Permian values of 0.03% (near present level) to 0.15% (5 times present level) (Graham et 18 O values of carbonates in Austria indicates a 6-11°C rise in temperature across the Permian-Triassic boundary in tropical regions (Holser et al. 1991) .
Landscape ecological shift at the Permian-Triassic boundary inferred from changes in palaeosols from Antarctica are very similar to those in the Sydney and Bowen Basins of Australia, covering a 4000 km length of the Gondwanan backarc basin (Jensen 1975; Retallack 1997c Retallack , 1999a (Turner 1993; Webb & Fielding 1993; McLoughlin et al. 1997) and Karoo Basin of South Africa (Anderson & Anderson 1985; Smith 1995; MacLeod et al. 1997) , but in both areas there was a more marked shift to redbeds in the earliest Triassic than seen in the Transantarctic Mountains. Comparable basins and sequences in India (Bose et al. 1990 ) bring the total area affected by the shift in ecosystems at the Permian-Triassic boundary close to the current area of modern boreal forest (11.6 ϫ 10 6 km 2 : Bonan et al. 1992) . A sizeable area of the Earth had a very different carbon economy in the Early Triassic than in the Late Permian or now. The inferred ecosystem shift could have been a contributor to global environmental change at the Permian-Triassic boundary.
Peculiarities of the Early Triassic environment apparent from palaeosols may explain the poor performance of computer models of palaeoclimate, which reveal unrealistically hot summer temperatures, excessive winter cold and extreme seasonality for this part of the Gondwana supercontinent during the Permian and Triassic, even with unrealistically low topography and high CO2 content of the atmosphere (Kutzbach & Ziegler 1993; Crowley 1994; Fawcett et al. 1994; Wilson et al. 1994; Worsely et al. 1994) . During the Late Permian and Middle Triassic, AntarcticAustralian high-latitude forest soils were peaty like those of modern boreal forests, but seasonally deciduous and thus with a higher winter and annual albedo than in the northern forests today. Permian and Triassic ecosystems also differed in lacking Spodosols, which are important pools of carbon and acid in high latitude ecosystems today (Harden et al. 1992) . Early Triassic ecosystems were even more anomalous for such high palaeolatitudes. They were coniferous and thus low in albedo like modern taiga and boreal forests, but with lower soil moisture, soil humus and a paucity of old-growth ecosystems. Furthermore the isotopic composition and clayeyness of Early Triassic palaeosols indicate a CO2 and CH4 greenhouse unlike any known in Neogene times (Krull 1998) . Similarly, albedo decline and increased CH4 production may be consequences of anthropogenic warming of boreal forests (Bonan et al. 1992; Whiting & Chanton 1993; Zimov et al. 1997) . Computer models for the Permian and Triassic could be profitably rerun with attention to these boundary assumptions.
Reasons for the great Permian-Triassic extinctions and consequent shift to non-analogue climate and ecosystems of the Early Triassic remain unclear, and are beyond the scope of this paper. The environmental crisis has been blamed on asteroid or comet impact (Kerr 1996; Retallack et al. 1998b) , massive eruptions of lavas of the Siberian Traps (Gurevitch et al. 1995; Renne et al. 1995; Kozur 1998) , degassing of oceanic CO2 (Grotzinger & Knoll 1995; Knoll et al. 1996) , and widespread oceanic anoxia Wignall & Twitchett 1996; Isozaki 1997; Cirilli et al. 1998) . There are substantial problems with all of these explanations (Hallam & Wignall 1997; Retallack et al. 1998b; Retallack 1999a) , particularly the connection between oceanic events and extinctions on land, the severity and scope of volcanic eruptions, and disappointingly meagre evidence for impact. Although candidate impact craters continue to be discovered (Gorter 1996; Tonkin 1998) , the size of iridium anomalies and of shocked quartz remain small (Retallack et al. 1998b ). There also is no evidence from our southeastern Gondwanan studies for geographic spread of extinction or ecosystem change from coastal or volcanic areas (Retallack et al. 1997 (Retallack et al. , 1998a Retallack 1999b) . The extinctions were profound and extensive (Retallack 1995) . As indicated by the palaeosols reported here, consequences of the extinctions were long lasting, not only taxonomically, but ecologically.
